bis(4-pyridyl)disulfide (PySSPy)-modified gold electrode will act as a suitable electrode for the rapid electron transfer of cytochrome c. They described the SERS behavior of typical promoters (PySSPy and PyPy) adsorbed on a gold electrode. Matsuda et al. 14 utilized an indium-tin-oxide electrode modified with dye to study the electrochemical behavior of cytochrome c. Niwa et al. 15 investigated the adsorption behavior of cytochrome c and organic on gold with infrared reflection spectroscopy together with a voltammetric method.
DNA has offered a powerful tool in recognizing and monitoring many important compounds.
DNA-modified electrode could be applied to explore a selective molecular interaction with DNA. It provides a route for rapid screening of compounds. 16 The weak bonding between positively charged lysine residue of cytochrome c and the N atoms of the adsorbed species is likely for the interaction. 13 DNA has negative charged phosphate, so it is possible to use a DNA-modified electrode to detect the cytochrome c in solution. Liu et al. 17 investigated the interaction between cytochrome c and calf thymus DNA by UV-Vis spectroscopy and electrochemical methods. Because the position of the absorption peak did not shift when cytochrome c and DNA were mixed in the same buffer solution, the result was obtained that DNA immobilized on gold electrode did not change the conformation of cytochrome c and so it could be applied for quantitative determination of cytochrome c. Wang et al. 18 mixed DNA with multi-walled carbon nanotubes (MWCNT) and the mixture was applied to surfaces of platinum electrodes. A DNA/MWCNT modified platinum electrode was fabricated. The direct electrochemical behavior of cytochrome c on modified electrodes was investigated by cyclic voltammetry. A pair of well-defined redox peaks of cytochrome c was achieved.
In this work, DNA was immobilized on a glassy carbon electrode to fabricate DNA-modified electrodes. Each DNA modified electrode was characterized by using AC impedance spectra. The electrochemical behavior of cytochrome c on DNA-modified electrodes was explored by cyclic voltammetry and differential pulse voltammetry. The cytochrome c showed a pair of well-defined redox peaks on DNA-modified electrodes in 10 mM PBS (pH 7.0) buffer. The related electrochemical parameters were obtained. The experimental results indicate that the electron transfer capability of cytochrome c on DNAmodified electrodes was improved and that the redox reversibility of Fe(III)/Fe(II) couple as an electro-activated center embedded in cytochrome c was enhanced. DNAmodified glassy carbon electrodes could be applied to determine the concentration of cytochrome c.
Experimental

Apparatus and chemicals
Electrochemical experiments were performed with a CHI660A electrochemical analyzer (Shanghai Chenhua Apparatus, China) with conventional three-electrode cells. The working electrode was a DNA modified glassy carbon electrode (φ = 3 mm), the reference electrode was a Ag/AgCl electrode and platinum electrode was used as the auxiliary electrode.
Horse heart cytochrome c and deoxyribonucleic acid from calf thymus (DNA) were purchased from Sigma and were used as received. Other chemicals were of analytical reagent grade. Phosphate buffer solutions (PBS) were prepared to be 0.10 M KH2PO4-K2HPO4. All aqueous solutions were prepared with doubly distilled water. Prior to each experiment, solutions were purged with nitrogen for 15 min to remove oxygen. All the measurements were performed at room temperature unless otherwise specified.
Electrode modification
The glassy carbon electrode was polished using a piece of 1500 diamond paper, followed by 0.2 μm alumina on chamois leather, and was washed with absolute alcohol and doubly distilled water in an ultrasonic bath. Following that, 20 μL DNA solution (0.10 mg/mL) was dropped onto the surface of the clean glassy carbon electrode and solvent was evaporated at 4˚C for 24 h. 19 By this means, a layer of DNA film was bound to the surface of each glassy carbon electrode. Then the DNAmodified electrodes were fabricated. These DNA-modified electrodes were washed with doubly distilled water and stored in pH 7.0 phosphate buffer solution at 4˚C for use.
Results and Discussion
Electrochemical impedance characterization of DNA-modified glassy carbon electrode AC impedance spectra (EIS) were used to analyze the impedance change of the electrode surface during the modification process. Figure 1a shows the EIS of the bare GC electrode.
There is no semicircle observed. But the EIS of DNA-modified GC electrode showed a higher interfacial electron-transfer resistance. Maeda et al. 20 suggested that the calf thymus DNA immobilized on the electrode will block the electrochemical reaction by an electrostatic repulsion between the poly-anionic DNA and the redox couple ions carrying negative charge. The larger resistance at the modified electrode was observed, due to the repulsion between the negatively charge probing ions and the negatively charged phosphate groups of the DNA backbone. This experimental result indicated that DNA was successfully modified onto surfaces of glassy carbon electrode. DNA was immobilized on glassy carbon electrodes by an adsorption action. Paleeck 21 researched the adsorption behavior of nucleic acids at different types of carbon electrode, suggesting that DNA can be adsorbed on the surfaces of the glassy carbon electrode.
Direct electrochemical behavior of cytochrome c on DNAmodified electrode
Cytochrome c is an electron transfer protein responsible for shuttling electrons from cytochrome c reductase to cytochrome c oxidase. The Fe(III)/Fe(II) in the cytochrome c as the electrochemical redox center is embedded in a rigid 34 Å diameter shell with nine positive charges, and in neutral condition, the system has a considerable dipole moment. It is difficult for cytochrome c to exhibit well directed electrochemical activeness on an electrode because Fe(III)/Fe(II) redox center of cytochrome c could not come into contact with any surface of electrode.
The cyclic voltammograms of cytochrome c on bare GC electrode and DNA-modified GC electrode in 10.0 mM pH 7.0 PBS containing 1.0 × 10 -5 mol/L cytochrome c are shown in Fig. 2 .
When the bare electrode was used in the PBS (pH 7.0) solution containing 1.0 × 10 -5 mol/L cytochrome c, no redox signal of cytochrome c was obtained on the voltammogram. The electrochemical activeness of cytochrome c could not be exhibited on a bare GC electrode (Fig. 2a) . But, when the DNA-modified GC electrode was applied to the above solution, a reversible redox reaction of the cytochrome c on the DNAmodified electrode occurred. A pair of well-defined redox peaks of cytochrome c appeared at Epc = -0.017 V and Epa = 0.009 V (vs. Ag/AgCl) in 10 mM PBS (pH 7.0) at a scan rate of 50 mV/s (Fig. 2b) could undergo direct electron transfer on surfaces of DNAmodified electrodes. Electron transfer reaction was improved. Figure 3 shows the cyclic voltammograms of cytochrome c on DNA-modified electrodes at different scan rates. The cathodic peak current and the anodic peak current linearly increased with the scan rate (v). The correlation coefficients are 0.999 (ipc = 2.037 + 0.161v) and 0.995 (ipa = -2.497 -0.080v), respectively. The reaction is probably an adsorption-controlled process. At the same time, the separation of cathodic and anodic peak increased with improving scan rate. According to Laviron, 22 the electron transfer coefficient (α) and the standard rate constant of the surface reaction (Ks) can be estimated to be are 0.87 and 34.5 s -1 , respectively. This Ks indicates that DNA is an excellent promoter for the electron transfer between cytochrome c and the electrode. The plot of logarithm of ipc versus logarithm of v (scan rate) gives a linear relationship with a correlation coefficient of 0.997.
Optimization of analysis conditions
The experimental conditions affect the electrochemical behavior of cytochrome c on the DNA-modified electrode. The effects of the solution pH, electrolyte concentration and the amount of DNA on the electrochemical behavior of cytochrome c were explored. Figure 4 shows the dependence of the peak currents of cytochrome c on the pH values. The redox process was examined from pH 5.0 to pH 9.0. The peak potential did not shift much in this pH range. But the magnitude of peak current changed clearly under various pH conditions. The maximum peak current was obtained at pH 7.0, which is the same as the pH of biological media. When pH < 7.0, the electrostatic interaction between phosphate groups of DNA and cytochrome c decreases due to the protonation of phosphate. At pH > 7.0, the electrostatic interaction between phosphate groups of DNA and cytochrome c decreases due to the deprotonation of the lysine groups of cytochrome c. This result was consistent with other reported work. 23 The influence of the buffer solution concentration on redox peak current of cytochrome c was also examined. It was found that the redox peak current decreased with increasing the concentration of PBS (pH 7.0). It is possible that carrying negative charge PO4 3-could bind with carrying positive charge cytochrome c to weaken cytochrome c binding with DNA that was modified on glassy carbon electrodes. Hence, the 10 mM PBS (pH 7.0) was selected in the experiments.
Different amounts of DNA were chosen to optimize the modified electrode. The peak current increased with increasing amounts of DNA on the surfaces of electrodes; then the magnitude of the peak current trended to be unvarying. While the amounts of DNA were further increased, the signal of voltammetry became gradually weak. The dense DNA film on an electrode blocked the electron transfer between electrode and cytochrome c. Thus, 20 μL DNA solution (0.10 mg/mL) was chosen as optimum amounts of DNA in the detecting experiment.
Detection of the cytochrome c
The differential pulse voltammetry is a more sensitive technique than cyclic voltammetry for examining the electrochemical behavior of biological systems. 24 DPV was used for the determination of cytochrome c using DNAmodified glassy carbon electrode. Table 1 . No obvious interference was observed from some amino acid probably coexisting with cytochrome c. The stability of the DNA-modified glassy carbon electrode was tested by CV. More than 30 complete CV cycles was performed at the optimum condition. No significant changes in anodic and cathodic peak currents were observed. When a modified electrode was stored in the 10 mM PBS (pH 7.0) solution in a refrigerator (4˚C) for two weeks, the current response decreased no more than 2.0%.
Conclusion
A simple approach was used to fabricate DNA-modified glassy carbon electrode. The direct electron transfer of horse heart cytochrome c on DNA-modified electrode was achieved. DNA plays a key role in promoting the redox of cytochrome c on DNA-modified electrodes. The DNA-modified glassy carbon electrode could be applied to detect cytochrome c. 
